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Abstract A new, energy efficient production process for
French fries was developed and evaluated. Superheated
steam (SHS) was used for evaporation of water instead
of pre-drying with air and par-frying with oil. The product
was frozen by vacuum cooling. Unfortunately, with this
process it was not possible to reach the quality of conven-
tional French fries. Sensory analysis indicated that the main
quality defect was a tough crust with a fatty appearance.
Confocal Scanning Laser Microscopy showed that this was
caused by skin formation on the surface during both SHS
drying and vacuum cooling. A frying step was necessary
to obtain a porous crust. A satisfactory product quality was
feasible after drying with SHS instead of air. Due to the
concessions made for the product quality, the final energy
reduction was limited. Nevertheless, this study has gained
more insight into how processing affects potato tissue on
micro-scale and it has shown that a porous structure is
essential for good quality French fries.
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Introduction
Manufacturing of French fries started in the middle of the
nineteenth century in the kitchen [1] and has grown to a
large-scale industry. The production process of French fries
is shown in Fig. 1. Through the years cost reduction and
quality improvement have been achieved by transition from
batch to continuous production and by optimising unit op-
erations [2, 3]. However, the current process still has some
disadvantages. The energy use, mainly for evaporation of
water and freezing, is high. Furthermore, oil is a relatively
expensive raw material that has a strong influence on the
caloric value of the product. A high intake of fat is a major
health concern. Additionally, costly environmental mea-
sures are necessary to reduce the emission of vapours from
the fryer.
Superheated steam (SHS) is known to be a very energy
efficient drying medium [4, 5]. It has found an increas-
ing number of applications in the food industry in the last
decades [6]. SHS acts both as heat source to warm up the
product and as drying medium to take away the evaporated
water from the product. The product surface temperature
quickly rises to the boiling point of water at the local pres-
sure and remains at this temperature during the constant rate
drying period. When the product starts to dry out at the sur-
face, the falling rate drying period begins, and the surface
temperature will rise and finally reach the SHS temperature.
By varying pressure, steam temperature, and flow, the dry-
ing process and the final moisture content can be controlled
in a narrow range [7]. Other advantages, besides the energy
efficiency, are that the system is closed and without air, pre-
venting odour emission, oxidation, and the risk of explosion
or fire. Disadvantages include the high product temperature
(100 ◦C at atmospheric pressure) for heat sensitive products
and additional devices are required for loading and unload-
ing of the product [8]. By applying lower pressures, lower
product temperatures will result, but this imposes higher de-
mands on the equipment used [7]. Drying of potato slices
with SHS has shown some advantages in comparison with
hot air drying with respect to colour and texture [9–11].
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Fig. 1 Conventional (left) and
new process (right) for the
production of French fries
Vacuum cooling is a rapid evaporative cooling technique
that can be applied to various food products [12]. The prin-
ciple is that by reducing the pressure, evaporation of water
is accelerated. The heat for evaporation is removed from
the product, causing it to cool [13]. When the applied pres-
sure is low enough, it is possible to freeze the product. This
technique is especially suitable for products with a high
surface to volume ratio such as leafy vegetables [12].
This paper presents the development and evaluation of a
fundamentally new concept for French fries manufacture.
The aim was to reduce environmental and energy costs
considerably, while keeping the quality equal to that of the
conventional process. In the new process SHS drying will
be used for evaporation of water, and vacuum cooling for
cooling and freezing.
Materials and methods
Process description
A schematic overview of the conventional and new process
is given in Fig. 1. The process steps pre-drying in hot air and
par-frying in oil were replaced by a treatment with SHS,
and vacuum cooling was used for cooling and freezing.
The first part of the process including blanching remained
unchanged. Although some functions of blanching such as
enzyme inactivation and texture formation could be realised
with SHS, blanching in hot water remained necessary to
leach out reducing sugars. Reducing sugars react in the
Maillard-reaction and are responsible for the development
of colour and flavour. Too high amounts will result in a too
dark product [14].
The reduction in energy use was achieved in several ways.
SHS can be re-used, and the latent heat of evaporated water
from the product can be recovered [15]. Furthermore, vac-
uum cooling is much more energy efficient than convective
cooling systems [12]. By definition water evaporates dur-
ing vacuum cooling, and therefore less water needs to be
removed during the SHS treatment. Another advantage is
that there is no emission of odours, because it is a closed
system.
The steam-drying pilot used for the experiments was de-
scribed previously by Van Deventer et al. [7]. An additional
pump was installed to make operation at low pressure (0.2–
1 bar) possible, and a separate vessel was used for vacuum
cooling experiments. A schematic layout of the system is
given in Fig. 2. SHS enters the drying vessel at the top
inlet and passes through or around the product. A porous
rotating cylinder, coated with Teflon to prevent sticking,
was used to ensure a homogenous treatment of the product.
Slightly superheated steam leaves the vessel at the bottom
outlet and is condensed. Two routes can be chosen depend-
ing on the desired pressure. In contrast with the actual SHS
process, steam is not recycled.
Sample preparation
Potatoes (cv. Agria) were washed and peeled by an abra-
sive peeler. Potatoes with high dry matter content were se-
lected with a salt solution (1070 kg/m3, 9.9 w/w% NaCl),
and floating potatoes were removed. Potatoes were cut to
10×10 mm with a table-size manual cutting device and
slivers were removed. The strips were weighed in air and
under water to determine the dry matter content. After ev-
ery process step the product was weighed and the moisture
loss could be calculated from the assumption that the ab-
solute amount of dry matter remained constant during the
process. The strips were subsequently blanched according
to standard process conditions in order to inactivate the en-
zyme polyphenol oxidase and to leach out excess reducing
sugars. To obtain a light, homogenous colour, the strips
were immersed for 1 min in a 0.4 w/w% sodium pyrophos-
phate solution at 68 ◦C. Subsequently, the potato strips were
transferred into the porous cylinder for the SHS treatment.
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Fig. 2 Schematic layout of
steam-drying pilot
Steam temperature, pressure, flow, and residence time
were varied over a wide range. The product temperature is
(in the constant drying period) equal to the boiling point
of water at the local pressure in the vessel [5]. In pre-
liminary experiments the effect of SHS drying was tested
independently of the effect of vacuum cooling. Therefore,
the product was cooled and frozen in the conventional way:
first cooling in a fridge to about 15 ◦C and subsequently
freezing to −18 ◦C in a freezer. Both the fridge and the
freezer were equipped with a fan to accelerate the process.
Freezing has to take place rapidly, especially in the range 0
to −10 ◦C, otherwise large ice crystals may form causing
damage of the product [2].
Vacuum cooling and freezing were carried out in two
steps. After the SHS treatment, the product was cooled
to about 15 ◦C by lowering the pressure to 10 mbar, and
frozen to −18 ◦C by lowering the pressure to 1 mbar. Three
thermocouples were put in the centre of potato strips to
register the temperature. A mass and energy balance model
was developed to calculate the expected water evaporation
during vacuum cooling and freezing. The calculations were
used to estimate the processing time during SHS treatment,
in order to obtain samples with the desired final moisture
content.
All samples were stored in the freezer at −18 ◦C. Finish-
frying was done for 3 min at 180 ◦C in partially hy-
drogenated vegetable oil. Industrially produced par-fried,
frozen French fries from the same variety and with the same
cutting size were used as a reference for the conventional
process.
Sensory analysis
Two different panels were used to evaluate the product qual-
ity. An analytical panel was used during the development of
the process to track down major quality defects. An expert
panel was used to test whether the product quality of the
final process design could comply with the industrial stan-
dard. The analytical panel consisted of 12 assessors that
were selected based on their motivation, creativity, avail-
ability, and ability to distinguish tastes and odours. Quanti-
tative Descriptive Analysis was used to evaluate the French
fries [16]. Three training sessions were carried out to make
assessors acquainted with the procedure and the product,
and also to generate attributes. In a discussion consensus
was reached as to which attributes were most important for
the quality of French fries (see Table 1). During the eval-
uation assessors were asked to put a mark for all products
on each attribute on a 150 mm line scale using a com-
puter program written in Pascal. Scores were calculated by
measuring the distance in mm from the left anchor point,
and results were evaluated statistically using General Lin-
ear Model in SPSS 10.0.7. Differences between products
were determined by calculating simple contrasts with the
industrial French fries as the reference. Z-values ≥|2| were
considered as outliers, and differences were significant at
α≤0.05.
The expert panel consisted of 12 assessors working at
an industrial French fries manufacturer, who are used to
evaluate the quality of French fries on a daily basis. The
Table 1 Attributes used for sensory evaluation with the analytical
panel and the expert panel
Analytical panel Expert panel
Colour Colour
Glossiness Toughness
Crispiness Crispiness
Amount of filling Amount of filling
Mealiness of filling Mealiness of filling
Fatty taste Taste
Potato taste Blisters before finish-frying
Doneness Colour before finish-frying
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attributes (see Table 1) and scoring method of the industry
were used to evaluate the products. Scores were between
4 (not acceptable) and 8 (very good). Statistical evaluation
was the same as with the analytical panel.
Analytical methods
Moisture and fat content were determined in duplicate be-
fore and after finish-frying. A lot of moisture evaporates
from the French fries during cooling after finish-frying.
Therefore, samples were frozen by immersion in liquid
nitrogen for 20 s directly after finish-frying and stored at
−18 ◦C until analysis. Moisture content was determined by
a standard oven drying method. About 100 g of sample was
cut in pieces (<0.5 cm3), and a representative 5±0.2 g was
weighed and dried to constant weight at 105 ◦C. Fat con-
tent was determined by Soxhlet extraction using the Ger-
hardt Soxtherm (Dijkstra Vereenigde BV, Lelystad, The
Netherlands). About 100 g of sample was cut in pieces
(<0.5 cm3), and a representative 5±0.2 g was used for
the analysis. In the Soxtherm the sample was immersed in
boiling petroleum ether for 15 min. Subsequent extraction
for 1 h was enough to extract the total fat from the sample.
After extraction petroleum ether was removed with a rotary
evaporator and the samples were placed in an oven at 70 ◦C
for 15 min to remove any residual solvent. Samples were
cooled to ambient temperature in a desiccator and weighed
to calculate the fat content.
Microscopic analysis
Imaging was performed using a Confocal Scanning Laser
Microscope type TCS-SP (Leica Microsystems, Rijswijk,
The Netherlands), configured with an inverted microscope,
and an ArKr laser for single-photon excitation. Cross-
section coupes of about 2 mm were cut from a frozen
French fries with a sharp razor blade, and stained with a
few droplets of a 0.1% solution of FITC (fluorescein isoth-
iocyanate). The coupes were covered with a moisturised
cap until analysis to prevent dehydration. A 488 nm laser
line was used for excitation, inducing a fluorescent emis-
sion of FITC detected between 500–650 nm.
Calculation of energy use
Calculations of the energy use were based on mass and
energy balances of the selected process steps. The starting
material for the calculations were blanched potato strips (6
mm ×10 mm×10 mm) with a moisture content of 80%, and
an initial temperature of 60 ◦C, because the new and con-
ventional process differ only after blanching. The conven-
tional process was based on a production of 1000 kg/h end
product containing 68% of water, 5.5% of fat, and 26.5% of
fat-free dry matter. The process steps included pre-drying,
par-frying, cooling, and freezing. Air of 80 ◦C was used
at 2.5 m/s to dry the product from 80 to 78% moisture
content. During par-frying at 180 ◦C, the moisture content
decreased to 70% and the oil content increased to 5%. Con-
ventional cooling and freezing usually takes place in three
steps: cooling with outside air to about 45 ◦C, mechanical
cooling with air of 0 ◦C to about 10 ◦C, and freezing with air
of −25 to −18 ◦C. Especially during the first cooling step
evaporative cooling plays a role, and the moisture content
decreases to the final 68%. In the (fat-free) new process the
amount of dry matter was kept equal to the conventional
process, resulting in a production of 945 kg/h end product,
containing 72% of water and 28% of dry matter. The op-
timal parameters of individual process steps were used in
the calculations.
Power consumption of pre-drying and par-frying was
based on industrial figures. For cooling and freezing power
consumption was calculated using direct expansion of NH3
(COP = 3.8 for cooling and 2.0 for freezing). Calculation
of conventional pre-drying and par-frying showed good
agreement with industrial energy consumption.
Results and discussion
Experiments at atmospheric pressure or higher
In the first trials a pressure of 1.0–1.5 bar (product tempera-
ture 100–110 ◦C) was chosen for the SHS treatment. In this
way the latent heat of the evaporated water could be recov-
ered at high temperature, and the energy efficiency would
be maximised. Unfortunately, the product was cooked so
rapidly (after 3 and 5 min for 1.5 and 1.0 bar, respectively)
that the desired moisture loss could not be reached. Increas-
ing the steam temperature to accelerate drying, resulted in
blisters on the surface of the potato strips.
Experiments at low pressure
By reducing the pressure, the product temperature de-
creases, and the product gets cooked slower. Many exper-
iments were carried out to optimise pressure, steam tem-
perature, residence time, and flow to obtain a product with
desired internal texture as well as desired moisture content.
SHS drying for 13 min at 0.7 bar (product temperature
90 ◦C) with a steam temperature of 180 ◦C, and a flow of
100 kg/h was found to be the optimal setting. However,
the textural properties of the French fries crust were unsat-
isfactory. After finish-frying, the crust was tough and the
surface showed a fatty appearance. To improve the textural
properties, a new approach was chosen. Similar to the con-
ventional process, where the product is first pre-dried in air
and subsequently par-fried in oil, the SHS treatment was
split up in two parts: a mild step for drying and an intensive
step for “frying.” Again, many experiments were performed
to optimise the process parameters. The optimised product
was offered to the analytical panel together with the refer-
ence and with a product treated with SHS in one step (see
Table 2). The results of the sensory evaluation are given
in Fig. 3. Although the SHS treatment in two steps had
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Table 2 Process parameters for sensory evaluation with the analytical panel
Process Parametersa Moisture content (%)b Fat content (%)b
Par-fried Finish-fried Par-fried Finish-fried
Two-step SHS drying 0.2 bar (60 ◦C) – 110 ◦C – 15 min –
30 kg/h and 1.5 bar (110 ◦C) – 200 ◦C
– 2.5 min – 170 kg/h
71.3 54.9 <0.1 7.0
One-step SHS drying 0.7 bar (90 ◦C) – 180 ◦C – 13 min –
100 kg/h
70.8 55.8 <0.1 6.4
Conventional Pre-drying in air, par-frying in oil 67.8 52.8 4.7 10.0
aPressure (product temperature) – steam temperature – time – flow
bMean of duplicates
Fig. 3 Spider web diagram for results of sensory evaluation with
the analytical panel (scale 0–150)
an improved crispiness compared to the SHS treatment in
one step, the crispiness of the reference was significantly
higher. Still, the surface showed a fatty appearance with
the two-step SHS treatment after finish-frying, resulting in
a significantly higher score for glossiness. Moreover, both
SHS treated samples had a higher score for fatty taste than
the reference, while their fat content was in fact lower. It
seemed that the SHS treatment formed a skin on the potato
strip surface that had a negative influence on the quality of
the end product.
Analysis of skin formation
Skin formation on a macroscopic scale is shown in Fig. 4.
An initial skin, formed during a mild SHS treatment
(Fig. 4A), holds the potato strip together when it is broken,
while an advanced skin, formed during an intensive SHS
treatment (Fig. 4B), can be entirely taken from the strip. In
fact, skin formation is a known phenomenon in the French
fries industry that occurs with excessive pre-drying [2].
Based on the sensory evaluation and observations during
the SHS treatment and finish-frying, the following theory
about skin formation was proposed (see Fig. 5). During
the SHS treatment water evaporates from the product. In
the beginning this is only surface water, but starting at a
moisture content of about 75% the surface starts to dry
out [15]. Water is transported from the core to the surface
because of the concentration gradient. If evaporation from
the surface is higher than transport to the surface, the outer
Fig. 4 Examples of an initial (A) and advanced skin (B) after SHS
treatment
cell layers will dehydrate and a skin is formed. During
finish-frying in oil the water transport is hindered, causing
pressure to build-up until the skin breaks at its weakest
point, and vapour is released rigorously (Fig. 5B). After
finish-frying, oil cannot enter the crust and this results in
the fatty appearance. In the initial stage of par-frying in
oil (Fig. 5C) only free and capillary water is evaporated
from the outer cell layers. The surface dries out fast and
a vaporisation region is moving inwards [17, 18]. The
resistance to the release of water vapour increases and this
leads to pressure build-up below the surface. Water vapour
is released by the bursting of a few localized sites that break
under the stress caused by pressure, resulting in a porous
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Fig. 5 Schematic overview of a French fry after blanching (A),
during finish-frying with skin (B) and during finish-frying with crust
(C): cells are represented by ovals, arrows show the direction of the
oil (grey) and water (black)
structure [19]. After frying, oil enters the crust because of
the capillary pressure difference and the interfacial tension
between the oil and the gas within the pores [20].
The effect of SHS drying and par-frying in oil was
observed with confocal scanning laser microscopy (see
Fig. 6). The images support the theory about skin formation.
The SHS treatment results in a layer of dehydrated cells in a
compact structure (Fig. 6B). The treatment was so intensive
that the skin became loose from the surface. Conventional
par-frying in oil gave a porous structure (Fig. 6C) in which
water vapour could escape through open spaces between
cells and oil could get absorbed. As Pedreschi [21] showed
previously, cells remain intact in spite of the hard stresses
to which the cells were exposed. The heat transition coef-
ficient of oil is about 350 W/m2K at 165 ◦C [22], while
the value of SHS at the conditions used for sensory exper-
iment 1 was calculated at 62 W/m2K. This means that the
evaporation is much slower and the pressure build-up dur-
ing the SHS treatment is insufficient to create a porous cell
structure. As no water is left between the cell layers of the
skin, the layers cannot be separated during finish-frying.
Finally, the built-up pressure causes the skin to burst on a
few locations, but the layer still covers most of the French
fries. A few cell layers of skin seemed to be enough to
affect crispiness and oil absorption significantly. It seems
that a frying step is necessary to assure a porous surface
and a crispy product.
Vacuum cooling and freezing
Many experiments were carried out with vacuum cooling
and freezing, and a selection is shown in Table 3. When
blanched potato strips are first cooled down to room tem-
perature, vacuum freezing took place rapidly. After a SHS
treatment the temperature decline usually stopped around
0 ◦C, and the product was limb and tough after finish-frying.
Evaporation of water is a requirement for this principle of
cooling and freezing [12], but the transport of water from
the core to the surface is very slow at low temperature.
Although the moisture content was more than 70%, appar-
ently not enough water was available at the surface. The
amount of water evaporating during vacuum cooling and
freezing was calculated to be 3/4 of the amount of water
that was removed in the whole process. This means that
in the SHS treatment the moisture content had to decrease
from 80 to 78.4%. A very mild SHS treatment is sufficient
(0.2 bar – 105 ◦C – 2 min – 50 kg/h), but unfortunately the
product quality was not acceptable due to skin formation.
From the experiments with SHS it was concluded that a
traditional frying step is required to obtain a porous crust.
A porous structure might facilitate vacuum freezing. Fry-
ing for 15 s at 165 ◦C resulted in the same decrease of
moisture content as the very mild SHS treatment. Vacuum
cooling after this short frying step to about 20 ◦C took about
10 min. Vacuum freezing was, however, not successful. The
product temperature did not even reach 0 ◦C, but stopped
at 5 to 10 ◦C. Probably, the layer of oil on the outside
hindered water transport, especially when the oil starts to
solidify.
Fig. 6 CSLM imaging of a
French fry after blanching (A,
100× enlarged), after a very
intensive SHS treatment (B,
100× enlarged) and after
par-frying in oil (C, 200×
enlarged)
785
Table 3 Results of experiments with vacuum freezing
Parametersa Freezing time to
−15 ◦C
Final temperature Remarks
Blanched only 6 min −20 ◦C Frozen
0.7 bar (90 ◦C) – 140 ◦C – 10 min – 100 kg/h >60 min −2 ◦C Soft, not frozen
1.3 bar (107 ◦C) – 190 ◦C – 1.5 min – 170 kg/h >60 min 0 ◦C Soft, after finish-frying limb and tough
0.2 bar (60 ◦C) – 105 ◦C – 2 min – 50 kg/h 16 min −17 ◦C Frozen, after finish-frying limb and tough
0.2 bar (60 ◦C) – 110 ◦C – 10 min – 50 kg/h and
1.3 bar (107 ◦C) – 200 ◦C – 2 min – 170 kg/h
>60 min −2 ◦C Soft, after finish-frying limb and tough
aPressure (product temperature) – steam temperature – time – flow
Evaluation of new process
The design of the new process changed considerably during
the development. Vacuum freezing was not possible, and
a frying step was necessary because of the product qual-
ity. Two remaining process routes were evaluated by the
expert panel: SHS pre-drying—par-frying in oil—vacuum
cooling—conventional freezing, and SHS pre-drying—
par-frying in oil —conventional cooling and freezing (see
Table 4). The results of the sensory evaluation are shown
in Fig. 7. Replacing pre-drying in air with SHS did not
result in significant different quality aspects. Vacuum cool-
ing, however, caused blisters on the surface. The blisters
did not affect the product quality to the same extend as
skin formation, because crispiness and toughness were not
significantly different from the industrial reference. Never-
theless, blisters are considered a major quality defect in the
industry.
Energy use of new process
The energy use of the conventional process is set to 1, and
the relative energy uses of several process routes are shown
in Table 5. With SHS drying it is possible to recover the la-
tent heat of the water evaporated in the fryer and to use it to
Fig. 7 Spider web diagram for results of sensory evaluation with
the expert panel (scale 4–8)
heat up pre-drying air. This way of saving energy is already
common practice for some manufacturers. The largest en-
ergy reduction would have been realised with the original
new process including SHS treatments and vacuum cooling
and freezing. A process with vacuum cooling and a frying
step would still have saved a considerable amount of energy,
because part of the water removal would be achieved during
cooling. Replacing air with SHS for pre-drying would save
about 25% of thermal energy in comparison with the con-
ventional process with heat recovery. Despite the energy
Table 4 Process parameters
for sensory evaluation with the
expert panel
Process Pre-dryinga Par-frying Cooling Moisture
content (%)b
Fat content
(%)b
SHS pre-drying +
vacuum cooling
0.2 bar (60 ◦C) – 90 ◦C
– 15 min −50 kg/h
35 s, 165 ◦C Vacuum,
20 mbar
69.3 2.7
SHS pre-drying 0.2 bar (60 ◦C) – 90 ◦C
– 20 min −50 kg/h
45 s, 165 ◦C Air 68.5 3.0
Conventional Air 45 s, 165 ◦C Air 69.6 3.0
aPressure (product temperature)
– steam temperature – time –
flow
bMean of duplicates
Table 5 Energy reduction of
process routes Process route Pre-drying Par-frying Cooling Freezing Thermal
energya
Electricitya
Conventional Air Oil Air Air 1 1
Conventional + heat
recovery
Air Oil Air Air 0.77 1
SHS pre-drying Steam Oil Air Air 0.58 0.98
SHS pre-drying +
vacuum cooling
Steam Oil Vacuum Air 0.48 0.93
Original new process Steam Steam Vacuum Vacuum 0.35 0.63
aRelative to conventional
process (set to 1)
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reduction and reduced odour emission, the financial savings
are small in comparison with the high investment costs for
the SHS drying equipment (return on investment is about
9 years).
Conclusion
The new production process including SHS treatment and
vacuum freezing did not result in good quality French fries.
The main problem was skin formation on the surface re-
sulting in a tough product with a fatty appearance. A frying
step was necessary to obtain a porous and crispy crust. The
only aspect of the new process that did not influence the
product quality was replacing air by SHS for pre-drying.
Due to the concessions made for the product quality, the fi-
nal energy reduction was limited. Therefore, the conclusion
was drawn that this promising, innovative process offered
insufficient economic perspective. However, an enormous
increase of insight was obtained about processes that occur
in French fries on micro-scale, and how process conditions
influence product quality. A porous structure turned out
to be a prerequisite for crust formation. This showed that
par-frying in oil is a necessary step in the process and ex-
plains why the conventional process results in good quality
French fries.
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